The blood level of [14C]coenzyme Q10 and the redox levels of [14C]coenzyme Q10 in the liver and heart were measured after in travenous injection of [14C]coenzyme Q10 solubilized in multilamellar liposomes into guinea pigs. The blood level of radioactivity declined bi exponentially with half-lives of 11.5 min and 15.6h in the first and second phases, respectively. The levels of reduced [14C]coenzyme Q10 in the liver and heart reached 55.8 and 46.4%, respectively, of the labeled compound in the tissues at 30 min after the injection. Coenzyme Q10 reducing activity in cytosol, microsomes and mitochondria was also investigated. This activity was found in all the fractions. The total activity was the highest in the liver cytosol. Moreover, the results of experiments using a purified enzyme suggested that one of the coenzyme Q10-reducing enzymes was NAD(P)H: quinone oxidoreductase [EC 1.6. 99.2, DT-di aphorase]. These results are discussed in relation to the protective effect of reduced coenzyme Q10 against lipid peroxidation in membranes.
It is well known that coenzyme Q (Q) plays an important role as an electron carrier in the mitochondrial electron transport chain (1, 2) . It has been reported that exogenous coenzyme Q10(Q10) can protect heart or liver cells against ischemic injury and adriamycin toxicity (3-5), and also that ischemic injury or adriamycin toxicity in the heart may be due to damage to the biological membranes resulting from lipid peroxidation (4, 6) . The potential inhibitory effects of reduced Q on lipid per oxidation have been demonstrated in bovine submitochondrial particles (7) , in isolated mitochondria (8) and in liposomal membrane (9) . It is, therefore, important M. TAKADA, T. YUZURIHA, and C . YAMATO to investigate whether exogenous Q10 is reduced after administration in vivo or not. This paper deals with the redox levels of [14C]coenzyme Q10 in liver and heart after intravenous injection into guinea pigs and with the Q10-reducing activity in subcellular fractions of liver. An enzyme with Q10-reducing activity is described . 
RESULTS
The injected liposomes were typically cleared from the blood stream in a biphasic manner, as shown in Fig. 1 . The blood levels of radioactivity showed a rapid initial disappearance (half-life, 11 .5 min), followed by a slower decline (half life, 15.6h). Table 1 shows the concentrations and redox levels of [14C]coenzyme Q10 in liver and heart after intravenous injection of [14C]coenzyme Q10 solubilized in the lipid bilayer of multilamellar liposomes. In this paper, the reduction level of Q10 is defined as the percentage of Q10H2 with respect to the sum of Q10H2 and Q10 . The reduction levels of [14C]coenzyme Q10 in the heart reached 35.2, 46.4 and 41 .4% at 5, 30 min and 24h after the injection, respectively. In the liver , the reduction levels were 47.0, 55.8 and 60.9% at 5, 30 min and 24h after the injection , respectively. The reduction levels in the liver were higher than those in the heart at 5 , 30 min and 24h, respectively. These results indicate that exogenous Q10 administered intravenously is reduced in the liver and heart, and that the reduction levels are approximately equal to those of endogenous Q10 in liver or heart homogenate (14 ,1 15). The concentrations of [14C]coenzyme Q10 in the heart and liver were the highest at 30 min after the injection. The concentration of [14C]coenzyme Q10 in the liver was approximately twice that in the heart at 30 min. Ernster et al. reported that DT-diaphorase, a quinone reductase, occurs in the liver, kidney, heart, etc., and that the bulk of DT-diaphorase activity is present in the cytosol, with small amounts in microsomes and mitochondria (20) . Hence, in order to investigate whether Q10 was reduced in these subcellular fractions or not, Q10-reducing and DT-diaphorase activities therein were measured simultaneously. Table 2 shows the rdox power of subcellular fractions from guinea pig liver . The weight of liver (10 g) used as a basis in Table 2 is at the physiological level . The total and specific DT-diaphorase activity in the liver cytosol was the highest among the subcellular fractions examined. The total Q10-reducing activity in the liver cytosol was the highest in all the subcellular fractions . However, this activity (8.8) was approximately equal to that of microsomes (3 .1) plus mitochondria (3.4), even though the DT-diaphorase activities in microsomes and mitochondria were very much lower than in cytosol. Moreover , the Q10-reducing specific activities in microsomes and mitochondria were rather higher than the activity of cytosol . Hence, the Q10-reducing activity in microsomes and mitochondria may be largely due to the interaction of the microsomal or mitochondrial electron transport system with Q10 in the liposomal suspension. Furthermore , in order to determine whether Q10 was reduced by DT-diaphorase or not, we isolated and purified the DT -diaphorase according to the method of Hojeberg et al . (19) and then assayed both DCPIP and Q10-reducing activity . The purification of cytosolic DT-diaphorase from guinea pig liver by affinity chromatography and subsequent gel filtration is summarized in Table 3 . The final preparation represented a 21% recovery of the 74.6-fold purified protein. On the other hand, the specific activity of Q10-reducing activity was 69.3-fold higher than that at the first step. The elution profile of DT-diaphorase from the Sephacryl S-200 column is shown in Fig. 2 . The Q10-reducing activity was co-eluted with DT-diaphorase activity. Moreover, both these activities were inhibited by the addition of di coumarol, which is a well-known inhibitor of DT-diaphorase (data not shown). These data suggest that Q10 is reduced by the enzyme, DT-diaphorase, which catalyzes the reduction of DCPIP.
DISCUSSION
Studies on the reduction of physiologically significant complex quinones such as Q10 using spectrophotometric methods have been not carried out, with the exception of the mitochondrial electron transport system, because these quinones are not appropriate as electron acceptors of quinone-reducing enzymes due to their poor solubility in water and relatively low reduction rates. However, such studies have become possible by using the direct extraction of Q10 and Q10H2 followed by HPLC analysis (14) (15) (16) , and by using Q10 solubilized in liposomes. In particular, the HPLC analysis makes it possible to use complex quinones such as Q10 as an M. TAKADA, T. YUZURIHA , and C. YAMATO electron acceptor of quinone-reducing enzymes , and to distinguish between exog enous and endogenous Q10 The reduction levels of Q10 were 46.4 and 55.8% in the heart and liver 30 min after the intravenous injection, respectively (Table 1) . Because the Q10-reducing activity in cytosol, microsomas and mitochondria was relatively high (Table 2) , the reduction of Q10 in the liver might be due to the action of DT -diaphorase in these fractions and that of electron transport systems in microsomas and mitochondria . The DT-diaphorase and Q10-reducing activities were certainly present in subcellular fractions of the heart, though these activities were significantly lower than those in the liver (data not shown).
The reduced Q10 may play an important role as an antioxidant in subcellular membranes. In fact, Kawasaki et al. has reported that Q 10H2 plays a role as an antioxidant in vivo in an experimental model of ischemia in rat liver (6) . The major sites of lipid peroxidation are believed to be the mitochondrial and microsomal membranes due to the presence of relatively high proportions of unsaturated fatty aryl residues. Minakami et al. reported that QH2 could protect biomembranes against lipid peroxidation in bovine heart submitocondrial particles (7) . Booth et al. also reported that the inhibition of lipid peroxidation by QH 2 was more than three times that provided by Q, and claimed that in mitochondria , QH2 may be at least as active as alpha-tocopherol in the removal of free radicals (9) . Hence, it is significant that Q10 is reduced by DT-diaphorase not only in cytosol but also in microsomal and mitochondrial fractions.
Lind et al. suggested that DT-diaphorase plays an important role in the detoxi cation of quinones by preventing semiquinone and O2 generation by NADPH cytochrome P-450 reductase (21) . Furthermore, the fact that DT-diaphorase con verted Q10 into Q10H2, which is a stronger antioxidant than Q 10, suggests a significant role of DT-diaphorase in relation to the protective effect of Q 10H2 against lipid peroxidation in membranes .
